Statement: We identify a novel resident of the axon initial segment, EFA6. This 14 functions to prevent growth-promoting molecules from entering mature CNS axons.
Introduction
microtubule binding domain in mammalian EFA6.
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EFA6 directs integrins away from axons 140 Whilst endogenous integrins are restricted to dendrites in differentiated CNS neurons, 141 overexpressed integrins enter proximal axons where they exhibit predominantly retrograde 142 transport. Retrograde transport is one mechanism through which a polarised distribution can 143 be achieved in neurons (Guo et al., 2016; Kuijpers et al., 2016) . The direction of axonal 144 integrin transport is regulated by ARF6 activation state, such that elevated ARF6 activation 145 causes retrograde transport (Franssen et al., 2015) . Removal of the chief ARF6 activator, 146 EFA6, should therefore facilitate anterograde integrin transport. We used live spinning disc 147 confocal microscopy to image and analyse axonal integrin movement at three points (AIS, 148 proximal and distal) using α9 integrin-GFP (this integrin promotes spinal sensory 149 regeneration (Cheah et al., 2016) ), in the presence of EFA6-shRNA or control. Anterograde 150 transport was almost undetectable in control transfected neurons. These exhibited 151 predominantly retrograde and static vesicles, and there was a rapid decline in integrin levels 152 with distance ( Fig. 3A and B, Fig. S3 , Movies 3 and 4). Depleting EFA6 initiated 153 anterograde transport, diminished retrograde transport, and increased integrins in all segments 154 of the axon (average 8.3 vesicles per section/AIS, 7.9/proximal, 7.1/distal). Endogenous β1 155 integrin (the binding partner of α9) also entered axons. Measurement of the axon-dendrite 156 ratio showed that depleting EFA6 lead to integrins being present in axons at a similar level to 157 dendrites (axon-dendrite ratio changing from 0.24 in control transfected neurons, to 0.95 in 158 neurons expressing EFA6 shRNA) ( Fig. 3C and D) . Removing the ARF6 GEF EFA6 159 therefore enables anterograde integrin transport and increases integrin levels throughout the 160 axon. 161 162 EFA6 directs rab11 endosomes away from axons, but does not affect APP transport 163 6 Axonal integrins traffic via recycling endosomes marked by rab11. This small GTPase is 164 necessary for growth cone function during developmental axon growth in the CNS and 165 involved in axon regeneration (Eva et al., 2010; Nguyen et al., 2016; van Bergeijk et al., 166 2015) . However, it is excluded from mature CNS axons (Franssen et al., 2015; Sheehan et al., 167 1996) . Rab11 and ARF6 cooperate to control microtubule-based transport direction 168 (Montagnac et al., 2009) and axon growth (Eva et al., 2012; Eva et al., 2010; Suzuki et al., 169 2010). From its effects on integrin transport, we reasoned that EFA6 may be pivotal in 170 directing rab11 away from axons. As with integrins, some overexpressed rab11-GFP leaks 171 into CNS axons (detectable as vesicular punctae) although at much lower levels than 172 dendrites. This allows for analysis of axonal vesicle dynamics (Fig. 4A ). In the AIS 
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Expressing EFA6-shRNA stimulated anterograde transport. There was also a reduction in 178 retrograde transport in the proximal axon, an increase in bidirectional movement in the distal 179 axon, and an increase in immobile punctae throughout the axon ( Fig. 5A and B, and extended 180 data figure 4 and 5-1). These transport changes permitted endogenous rab11 to enter axons, 181 altering the axon:dendrite ratio from 0.35 to 0.94 (control vs. EFA6 shRNA) ( Fig. 4C and D) .
182
EFA6 therefore functions to limit the axonal localisation of integrins and rab11 positive 183 endosomes. To confirm the selectivity of these effects we also analysed the transport of 184 amyloid precursor protein (APP), a molecule which targets to CNS axons (Chiba et al., 2014) 185 that is not normally found in rab11 endosomes (Steuble et al., 2012) . We found no 186 differences in APP axon transport dynamics between neurons expressing control or EFA6 187 shRNA ( Fig. 4E and F), indicating that EFA6 depletion does not alter global axon transport. Rab11, integrins and reduced ARF6 activity are all beneficial for axon growth (Cheah et al., 191 2016; Eva et al., 2012; Eva et al., 2010; Franssen et al., 2015; Gardiner, 2011; van Bergeijk et 192 al., 2015) . We therefore asked whether silencing EFA6 would intrinsically enhance 193 regeneration. In vitro single-cell axotomy enables detailed study of intrinsic regenerative 194 capacity, allowing morphological evaluation of the regenerative response after injury 195 (Gomis-Ruth et al., 2014) . We developed an in vitro laser axotomy protocol for analysing the 196 7 regeneration of individually axotomised cortical neurons (Koseki et al., 2017) . E18 rat 197 cortical neurons were cultured on glass imaging dishes, transfected at 10DIV, and used for 198 experiments at 14-17DIV. We used this system to study the effects of EFA6 depletion on 199 regeneration of cortical neurons after laser axotomy ( Fig. 5A and S4 ). When regeneration 200 was successful, we recorded growth cone size, time taken to regenerate, and distance grown 201 after regeneration (within the experimental time frame). We recorded whether axons formed 202 stumps or motile end bulbs after injury when regeneration failed ( Fig whereas control transfected cells tended to from immobile stumps (55%) ( Fig. 5B , C, D, E 211 and G). Depleting EFA6 therefore raises the regenerative capacity of differentiated cortical 212 neurons.
213
ARF6 is an intrinsic regulator of regenerative capacity 214 As EFA6 contributes to the low regenerative capacity of CNS neurons, we reasoned that 215 neurons that can regenerate their axons should either have less axonal EFA6, or a means of 216 counteracting its effects. In the PNS, adult dorsal root ganglion (DRG) neurons have 217 regenerative axons which permit integrin and rab11 transport (Andrews et al., 2016; 218 Gardiner, 2011). When we examined EFA6 in adult DRG neurons we found remarkably high 219 levels in the cell body, and lower levels throughout axons ( Fig. 6A ). We speculated that this 220 may be counteracted by an ARF6 inactivator and investigated ACAP1, a known regulator of 221 integrin traffic which we previously used to manipulate integrin transport in DRG axons (Eva 222 et al., 2012; Li et al., 2005) . ACAP1 was present in adult DRG neurons, throughout axon 223 shafts and at growth cones, but was absent from cortical neurons (Fig. 6A ). This led us to 224 compare ARF activation in DRG and differentiated cortical neurons. We found that ARF 225 activation was evident in DRG axons, but at a lower level than cortical axons (Fig. 6B ). This 226 suggests that PNS axons may be better regenerators due to expression of an ARF6 227 inactivator. This hypothesis predicts that elevating ARF6 activation in DRG axons would 228 inhibit regeneration. We used laser axotomy to injure the axons of adult DRG neurons in 229 8 vitro. We examined regeneration in the presence of overexpressed GFP, EFA6-GFP, or EFA6 230 E242K-GFP (ARF6 activation incompetent) ( Fig. 7) . Control DRG axons regenerate rapidly, 231 so that by 2hrs after injury 68.6% of GFP expressing axons had developed new growth cones 232 ( Fig. 7A , C and E, Movie 7). Overexpression of EFA6 led to a dramatic reduction in 233 regenerative capacity with only 19.2% of axons regenerating growth cones (Fig. 7B, D and E, 234 Movie 8). This effect was primarily due to EFA6 GEF activity, as expression of EFA6 235 E242K did not have the same effect, allowing 50.5% of axons to regenerate ( Fig. 7E and S5 ).
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This suggests that EFA6 opposes regeneration principally by virtue of its GEF activity Our data demonstrate that the exclusion of integrins and recycling endosomes from mature 244 CNS axons plays an important role in limiting regenerative potential. We show that EFA6 is 245 developmentally up-regulated and enriched in the AIS at a time when integrin transport 246 becomes predominantly retrograde (Franssen et al., 2015) , and neurons lose their ability to 247 regenerate. From its site in the initial part of the axon, EFA6 functions to activate ARF6 248 throughout mature axons, leading to retrograde removal of integrins and rab11 endosomes.
249
Removing EFA6 restores transport, and facilitates regeneration. These phenomena are 250 specific to CNS neurons, as EFA6 is not enriched in the initial part of regenerative PNS 251 axons (of sensory DRG neurons). Sensory neurons regulate axonal ARF6 differently, by 252 expressing an ARF GAP which is absent from cortical neurons, ACAP1. Overexpressing 253 EFA6 opposes regeneration in these neurons, principally by virtue of its GEF domain. Our 254 findings start to explain, at a cellular level, why PNS neurons have a better capacity for 255 regeneration than their CNS counterparts. The results implicate ARF6 as an intrinsic 256 regulator of regenerative potential, and identify EFA6 as a novel target for promoting CNS 257 axon regeneration.
258
EFA6 activates axonal ARF to control selective polarised transport 259 We have found that EFA6 activates ARF6 throughout the axon despite being enriched in the 260 AIS. How does EFA6 achieve ARF activation over long distances? This may involve a 261 complex interaction with an additional ARF regulator, ARNO, which localises throughout the 262 9 axon (Franssen et al., 2015) . EFA6 is known to control a negative-positive feedback circuit 263 between EFA6, ARF6 and ARNO. EFA6 is necessary to establish initial ARF activation, 264 which is consequently maintained by ARNO (Padovani et al., 2014) . In axons, ARF 265 activation event may be spatially regulated, with initial activation occurring within the AIS, 266 and subsequent activation maintained throughout the axon by ARNO. Axonal ARF activation 267 may be necessary to aid neurotransmission, because ARF6 activation drives synaptic vesicles 268 towards recycling rather than endosomal sorting, enabling maintenance of the readily 269 releasable synaptic vesicle pool (Tagliatti et al., 2016) .
270
The AIS is primarily responsible for initiation of the action potential, but is also involved in 271 the polarised delivery of membrane proteins, ensuring the correct distribution of axonal and 272 dendritic machinery as neurons mature (Bentley and Banker, 2016; Rasband, 2010) . The 273 molecular mechanisms through which this is achieved are not completely understood, but are 274 reported to involve the actin and microtubule cytoskeleton (Arnold, 2009; Britt et al., 2016) 275 and dynein dependent retrograde transport (Kuijpers et al., 2016) . We have previously found 276 that integrins are removed from axons by dynein dependent retrograde transport, and that 277 lowering ARF activation reduces retrograde removal of integrins and allows modest 278 anterograde transport. We also found that removing the AIS by silencing is central organiser, 279 ankyrin G, also permits some anterograde transport, but we did not understood how these 280 phenomena might be linked. Here we establish a mechanism for the removal of both integrins 281 and rab11 endosomes, controlled by EFA6 from a location in the AIS. EFA6 is probably 282 localised here by virtue of its membrane targeting motif, which has a high degree of interact with JIPs 1 and 2 (Koushika, 2008) , meaning that its activation will not affect the 293 transport of cargo which interacts specifically with these two adapters. We have shown here 294 that APP transport is not affected by EFA6 silencing. It is important to note that APP 295 10 interacts with JIPs 1 and 2, and not JIP 3 or 4 (Chiba et al., 2014; Edwards et al., 2013) . APP 296 also traffics independently from rab11 (Chiba et al., 2014) . We speculate that for the axonal 297 transport of a molecule to be affected by ARF6, it needs to traffic through a rab11/ARF6 298 compartment, and also interact with JIP 3/4. The ARF-dependent control of entry to a 299 specific cellular compartment is not without precedent. A similar mechanism regulates the 300 entry of rhodopsin into primary cilia. In this case, a specific ARF inactivator (ASAP1) is 301 required to permit ARF4 and rab11 dependent transport (Wang et al., 2012) .
302
Rab11, ARF6 and axon regeneration 303 Much is known about the mechanisms required for growth cone formation and subsequent 304 axon growth, but is not understood why these mechanisms are not recapitulated after injury in 305 the brain or spinal cord (Bradke et al., 2012) . Our study demonstrates that the supply of Stoke-On-Trent, UK) as previously described (Franssen et al., 2015) . For EFA6 silencing, (Eva et al., 2012; Eva et al., 2010; Franssen et al., 2015) . cDNA encoding Leica DM6000B with a Leica DFC350 FX CCD camera and a Leica AF7000 with a 394 Hamamatsu EM CCD C9100 camera and Leica LAS AF software. Leica AF7000 was also 395 used for imaging of axon and growth cone regeneration after axotomy. Live confocal imaging 396 was performed with an Olympus IX70 microscope using a Hamamatsu ORCA-ER CCD 397 camera and a PerkinElmer UltraVIEW scanner for spinning disk confocal microscopy, 398 controlled with MetaMorph software.
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Analysis of EFA6 distribution in axons and dendrites 400 E18 Cortical neurons were fixed at DIV 3, 7, 14 or 21 and EFA6 was detected using the 401 antibody described above. The axon initial segment was located using anti-pan-neurofascin.
402
All cultures were fixed and labelled using identical conditions. EFA6 fluorescence intensity 403 was measured in the AIS and at a region >50µm beyond the AIS, and then at similar regions 404 in two dendrites to give a mean dendrite figure. Images were acquired by confocal laser strongly to the AIS , however comets were undetectable here in cells expressing either 828 control or EFA6 shRNA (see movies S1 and S2). Example of successful regeneration after axotomy, DRG neuron expressing EFA6 E242K.
